Israel marks a crossroads between three continents encompassing several phytogeographical and zoogeographical zones. In this complex area, the flow of species from different biogeographical regions creates opportunities to study how geographical division and colonization routes affect current distribution and structure of resident populations of organisms associated with desert and arid environments, habitats that may have persisted throughout Pleistocene glacial periods. The present paper analyses the population history of the spider Stegodyphus lineatus in the contiguous Negev and Judean deserts in Israel using allozyme and mtDNA variation. The distinct patterns of variation indicate that Judean and Negev populations are vicariant lineages. The residence time was longer in Judea, where populations were more polymorphic for mtDNA, showed isolation by distance and were less structured than in the Negev. The Negev population, possibly linked to other Mediterranean populations of S. lineatus , consisted of two subdivisions derived from a recent eastward expansion across the central Negev watershed. Despite differences in age and level of structure, all lineages show similar dispersal processes dominated by restricted gene flow. The distribution patterns of allozyme and mtDNA markers are unrelated to geographical patterns of precipitation and vegetation. Rather, they follow large-scale topographic features, namely the water divide between Mediterranean and Afro-Syrian rift drainages and between eastern and western Negev drainages.
INTRODUCTION
Climatic changes during the Pleistocene are well known for shaping the distribution ranges and genetic structure of many species in Europe and North America (Comes & Kadereit, 1998; Taberlet et al ., 1998; Avise, 2000) and are thought to have been a prime promoter in speciation (Hewitt, 1996) . Pleistocene oscillations may also have played a pivotal role in shaping species communities in areas that were not covered by ice Tarkhnishvili, Hille & Böhme, 2001; Veith et al ., 2003) . For example, the Near East including Israel was never covered with ice during the Quaternary. It experienced repeated cycles of wet (pluvial) and dry (interpluvial) periods, which correspond to the European glacial and interglacial phases (Horowitz, 1988) . The Holocene represents an intermediate (interstadial) period.
Israel marks a biogeographical crossroads with a complex admixture of climatic and vegetation zones . The movement of species from different biogeographical regions creates opportunities for testing interactions between differentiated populations of the same species and gives insights into how colonizations effect age and structure of resident populations. Israel has four major phytogeographical zones (Plitmann et al ., 1983) in a diverse geological topography. A Mediterranean zone is found in the northern and central regions, while steppe (Irano-Turanian) and desert (Saharo-Arabian and Sudanian) are found to the south and east (Plitmann et al ., 1983) . Steep precipitation gradients run from north to south and eastward from the Judean Mountains to the Jordan valley (Jaffe, 1988) , creating two abutting arid regions, the Negev and Judean deserts. Although these gradients may condition extant faunal distributions, it is difficult to delimit distinctive zoogeographical regions for most faunal groups . The fauna in northern Israel is generally Palaearctic, while a Saharo-Sindian fauna is characteristic of the Negev mountains; Sudanian elements occur in the Arava and Jordan valleys, which constitute the northern end of the Afro-Syrian Rift .
The spider Stegodyphus lineatus Latreille inhabits arid environments from the Mediterranean across to Kazakhstan (Kraus & Kraus, 1988) . In Israel, S. lineatus is found in the continuous Negev and Judean deserts, in the Jordan Valley as well as at the southern edge of the Mediterranean region, thus encompassing all four major phytogeographical zones. It has not been reported along the Mediterranean coast, and occurs only sporadically in the southern parts of the Negev Desert (Y. Lubin, pers. observ.) . Stegodyphus lineatus is abundant in Mediterranean habitats in Greece and Spain and in Israel it occurs on the hyperarid shores of the Dead Sea; thus, its absence from both the Mediterranean coastal regions and the southern Negev Desert and Arava Valley cannot be explained by climatic or vegetational factors alone.
In the more arid parts of its distribution, S. lineatus is found mainly in small wadis (dry stream-beds) where elevated ground humidity allows growth of denser vegetation than on adjacent rocky slopes or loess plains. The shrubs serve as nest attachments, and grazing by pastoral animals attracts prey insects. Directed dispersal in S. lineatus is influenced by preferential selection of shrubs with dense branch architecture (Ward & Lubin, 1993) . Natal dispersal in S. lineatus is very limited, only 2 m on average from the maternal nest (Lubin, Hennicke & Schneider, 1998) , and only 32% of large juveniles and subadults moved their nest site, with a median distance of 2.24 m (Ward & Lubin, 1993) . Genetic analyses of the breeding structure in the Negev Desert confirmed that dispersal is limited by showing that clusters of juvenile nests often consist of siblings (Johannesen & Lubin, 2001) , and that such clusters may persist until adulthood (Johannesen & Lubin, 1999) . Matingdispersal of adults is also limited as shown by the lack of Hardy-Weinberg proportions within populations (Johannesen & Lubin, 1999 and from observations of movements of marked males (T. Bilde, Y. Lubin, J. Schneider, A. Maklakov & D. Smith, unpubl. data) . These studies of S. lineatus in the Negev indicate that dispersal processes explain the distribution of allozyme variability.
In a survey of S. lineatus populations for juvenile dispersal patterns we sampled a population in Judea (J. Johannesen & Y. Lubin, unpubl . data) that showed very little allozyme variation compared with the Negev populations. This suggested to us that S. lineatus in Israel either consists of more than one vicariant, phylogeographical lineage or that it is undergoing a current range expansion. The two scenarios can be tested on the basis of expected distributions and amounts of genetic diversity.
During range expansion, genetic variability may be lost due to the bottleneck effect. The magnitude of loss of variation will depend on the speed of colonization, propagule size and population growth rate (Nei, Maruyama & Charkraborty, 1975) . Genealogically, alleles are expected to be more similar along a range expansion continuum than in a stationary old population (Templeton, Routman & Philips, 1995) . Thus, the amount of genetic variability and genealogy can be used as one measure of the speed of expansion, and, indirectly, as a measure of the relative age of an expansion.
The age of a population may affect differentiation among its subpopulations (Whitlock & McCauley, 1990; Giles & Goudet, 1997) . Genetic variance is expected to be higher in populations that fluctuate or experience colonization relative to older and more stable populations that are in gene flow -genetic drift equilibrium. The increase in genetic variance in expanding populations is caused principally by two parameters: unequal population sizes (founding populations are usually small) and the origin of colonists in new or re-colonized populations (Slatkin, 1977; Whitlock & McCauley, 1990; Whitlock, 1992) . This expectation of genetic variance is based on the frequency distribution of alleles without knowledge of their genealogy (unordered alleles). If the allele genealogy is known (ordered alleles) and is incorporated into the variance estimate, differentiation in old populations or in expanding populations may become higher relative to those based solely on frequency data (Pons & Petit, 1996) . The increase arises due to individuals of the same population being genealogical similar relative to individuals from other populations -in the former case because mutations accumulate faster in old resident populations relative to the rate of gene flow between populations, in the latter case because genealogically similar alleles often are dispersed together. Thus, one can use the expectations of population differentiation with and without known genealogy to make inferences of population history.
The aim of the present paper is to test which of two alternatives, range expansion or independent and vicariant history, explains the differences in genetic variability of S. lineatus in two contiguous deserts in Israel. The two deserts, Judean and Negev, represent the present-day African-Eurasian land-bridge. We investigated whether populations in the Judean and Negev deserts were constant or expanding and influenced by previous or current range alterations. We quantify historical dispersal and age of S. lineatus populations using nuclear (allozymes) and maternal (mitochondrial) genetic markers.
MATERIAL AND METHODS C OLLECTIONS
We sampled a total of 204 S. lineatus throughout its range in Israel, in the Judean and Negev deserts and Jordan Valley (Fig. 1, Table 1 ). We refer collectively to Judean Desert and Jordan Valley sites as Judea. Spiders were collected between autumn 1997 and spring 2000. Spiders from 1997 and one population in 1998 were analysed for allozyme variation prior to this study (Johannesen & Lubin, 1999 . In spring 2000, spiders were collected to the north and south of the previously sampled localities. Sample sizes were about ten individuals per collection site (Table 1) . We refer to collection sites as populations, as the patches in which they occurred were separated from one another by several kilometres.
Single spiders were usually collected from separate shrubs or from different shrub clusters to avoid sampling siblings. Exceptions were made at Beer Sheva and Revivim, where three spiders were analysed from each of several trees (see Johannesen & Lubin, 1999) .
Estimates of genetic diversity were obtained from two genetic markers, allozymes and mtDNA, from all 204 individuals.
M ITOCHONDRIAL DNA All individuals were analysed for a double-stranded mtDNA template (580 characters, 576 bp), including a partial NADH dehydrogenase subunit I (ND1) ( c. 390 bp) and 16S ribosomal RNA (16S) and tRNA ( c. 186 bp). Mitochondrial DNA was amplified via PCR using the primers LR-N-12945: 5 ¢ -CGACCTCGATGT TGAATTAA-3 ¢ , and N1-J-12261: 5 ¢ -TCGTAAGAAAT TATTTGAGC-3 ¢ (Hedin, 1997) . Mitochondrial DNA extraction and amplification conditions are given in Johannesen & Veith (2001) . For a subset of the 16S/ ND1 haplotypes, we further amplified 1000 bp of the gene COI. We used the primers C1-J-1751: 5 ¢ -GAGCTCCTGATATAGCTTTTCC-3 ¢ and C1-N-2776: 5 ¢ -GGATAATCAGAATATCGTCGAGG-3 ¢ (Hedin & Maddison, 2001) . Amplification conditions were identical to the 16S/ND1 sequence. PCR products were sequenced in both directions using an ABI-377 automatic sequencer. Sequences were aligned using the program Sequence Navigator (ABI). Subsequently, all aligned sequences were checked manually.
A LLOZYMES
Nine polymorphic allozyme loci stained consistently in all individuals: Aat-1, -2 (EC 2.6.1.1), Ak (EC 2.7.4.3), Est (EC 3.1.1.-), Fum (EC 4.2.1.2), Idh (EC 1.1.1.42), Ldh-2 (EC 1.1.1.27), Pep-B1 (leucine-glycine-glycine) (EC 3.4.11 or 13) and Sorbdh (EC 1.1.1.14). Electrophoresis staining procedures follow Johannesen & Lubin (1999 . Enzymes previously found to be monomorphic in Negev populations (Johannesen & Lubin, 1999) were scored in 22 individuals from Judean populations. No additional polymorphisms were found and these enzymes were omitted from further analysis. has low nuclear but high organelle diversity. In contrast, the Negev has low organelle but high nuclear diversity. *Not included in population analysis due to small sample size.
MITOCHONDRIAL DNA DATA ANALYSIS
Mitochondrial DNA diversity and population subdivision was analysed using ARLEQUIN 2.0 (Schneider, Riessli & Excoffier, 2000 (Pons & Petit, 1996) . Haplotype genealogies were calculated with the program TCS 1.13 (Clement, Posada & Crandall, 2000) . The resulting minimum spanning network was used as the basis for nested clade analysis (NCA).
Historical gene flow was inferred with NCA (Templeton et al., 1995; Templeton, 2004) , which is a cladistic approach to evaluate historical vs. recent gene flow patterns on the basis of gene genealogies and their geographical distributions (Templeton et al., 1995) The TCS analysis produced two networks comprising Judea and the Negev (see Results). The Negev 16S/ ND1 genealogy (network) was ambiguous with respect to one central haplotype connection (haplotype A2). Because pathways of historical dispersal are inferred by the directionality of sequence evolution, knowledge of the correct (or most probable) genealogy is essential. To evaluate the likelihood of either of the alternative connections, we sequenced a subset of spiders displaying central 16S/ND1 haplotypes for 1000 bp of the COI gene. This analysis was performed solely to evaluate the ambiguity of the 16S/ND1 genealogy for NCA; all mtDNA analyses proper were based on the 16S/ND1 sequence. Sequence evolution of the combined COI/ 16S/ND1 sequence was analysed with network analysis (TCS) and phylogenetic tree reconstruction. In the latter approach, Negev haplotypes were rooted to Judean haplotypes and analysed with maximum parsimony (MP) and neighbour-joining analysis (NJ) using PAUP version 4.08b for the Macintosh (Swofford, 1999) . For MP all characters were weighted equally. Indels were treated as a fifth base. Haplotype relationships were analysed with a heuristic search with random addition of sequences. For NJ analysis we chose the Tamura-Nei distance model with a gamma distribution estimated from the data, a = 0.13. A strict consensus tree was based on bootstrap search (2000 replicates). Branch-swapping was computed with the tree-bisection-reconnection algorithm. We performed the analysis on the 16S/ND1 sequence and on the total COI/16S/ND1 sequence. Additional phylogenetic analysis was not performed on the Judean network because no intranetwork ambiguities were observed in this data set.
We used two approaches to evaluate the demographic history of S. lineatus, namely isolation by distance (IBD) tests and mismatch distributions. The methods differ in the way they describe populations.
IBD is based on frequency distributions of alleles from different populations and assumes an equilibrium between gene flow and genetic drift. It thus describes genetic exchange between populations. Equilibrium between gene flow and genetic drift was inferred with isolation by distance tests. These were performed using the Tamura-Nei genetic distance and with unordered frequency data. The statistical significance of isolation by distance was tested with a Mantel test (GENEPOP 3.2; Raymond & Rousset, 1995) .
The mismatch distribution is a molecular level approach that examines genealogical diversity by calculating the number of mutational differences between individual haplotypes within a population. Multimodal mismatch distributions are assumed to characterize old populations of constant size whereas expanding populations are expected to be unimodal (Harpending et al., 1998) . The observed mismatch distribution was tested for significant deviation from unimodality (population expansion) as implemented by ARLEQUIN 2.0 (Schneider et al., 2000) . We further calculated the ruggedness index (r) of the mismatch distribution. The ruggedness index takes high values when genealogies are diverse and few individuals share haplotypes, hence typical of multimodal mismatch distributions expected in stationary populations.
We tested for neutral nucleotide evolution using D* (the number of unique mutations among all sequences relative to the total number of mutations) and F* (the average number of nucleotide differences between pairs of sequences) tests of Fu & Li (1993) as implemented in DNASP v.3 (Rozaz & Rozas, 1999) . If nucle-otide evolution is neutral, the mtDNA haplotypes can be used for testing historical dispersal (e.g. Milot, Gibbs & Hobson, 2000) . We furthermore tested for clock-like evolution of branch lengths with PUZZLE (Strimmer & von Haeseler, 1996) . Rooting in PUZZLE was done by automatic search for best place. We used the Tamura-Nei substitution model with the gamma distribution estimated from the data. ALLOZYME DATA ANALYSIS Allozyme variability estimates and two-level population differentiation were calculated with BIOSYS-2 (Swofford & Selander, 1989 , release 1997 . Standard deviations of differentiation estimates were obtained by jack-knifing over loci. Three-level hierarchical analysis was performed using GDA (Lewis & Zaykin, 1999) with 95% confidence intervals obtained by bootstrapping over loci. Isolation by distance between populations was tested with Mantel tests (GENEPOP 3.2; Raymond & Rousset, 1995) . The relationship among populations based on allozymes was investigated with maximum likelihood using the subroutine CONTML in PHYLIP v. 3.6 (Felsenstein, 1993 A-haplotypes were all found in the Negev; B-haplotypes were all found in Judea. N, sample size. Names of localities are given in Table 1 watershed (Fig. 2 , Table 2 ). The TCS Negev network contained an unresolved connection, either between A2 and A9 (pathway 1, Fig. 2 ) or between A2 and A1 (pathway 2, Fig. 2 ). The homoplastic site, position 63, which caused the ambiguous genealogy, was located in the 16S region. Position 63 has mutated within both major lineages. The network ambiguity was resolved using COI sequences (see below). The mean number of observed haplotypes per sample was higher in Judea (3.37) than in the Negev (2.58) but did not differ significantly between the regions (P > 0.17). Molecular diversity was significantly higher in Judea than in the Negev [mean number of pairwise differences: 3.07 vs. 1.04, P < 0.01; nucleotide diversity (p): 0.0057 vs. 0.0019, P < 0.01] ( Table 1) . Molecular diversity per population in the western Negev was nearly double that of the eastern Negev populations (nucleotide diversity: 0.0019 vs. 0.0011; mean number of pair-wise differences: 1.10 vs. 0.60) but not significantly different (t-tests P > 0.25). Three of the seven populations in the eastern Negev were monomorphic, which produced large variance in molecular diversity measures and is the likely explanation for a lack of a significant difference between the two regions.
Sequence evolution for all 16S/ND1 sequences did not deviate significantly from neutral expectations (D* = -0.4159, F* = -0.2159, both P > 0.10). Branchlength evolution did not deviate from a clock-like model among Negev sequences (likelihood ratio test statistic delta: 13.72, d.f. = 10, P = 0.18) but differed significantly among Judean sequences (likelihood ratio test statistic delta: 20.19, d.f. = 11, P = 0.04). A stepwise deletion of haplotypes suggested that the connection between B10 and the B1 cluster caused the significance among the Judean haplotypes. When we removed the haplotypes of either the B1 cluster or B10 the data conformed to a clock-like evolution. ALLOZYME VARIATION Populations clustered in two groups, Negev and Judea, corresponding to the mtDNA-lineage distributions (Fig. 3, Table 1 ). Allozyme diversity was significantly greater in the Negev than in Judean populations (t-tests, all P < 0.001). One Judean population, Karmel, located near the Judean-Negev divide, occupied an intermediate position. Karmel spiders had some alleles otherwise specific for Negev populations, Sorbdh allele-2, Idh allele-3, thus suggesting introgression from the Negev populations. As a result, Karmel had higher measures of allozyme variability as compared with other Judean populations.
There were no differences in allozyme variation per population between the western and eastern Negev [polymorphic loci per population: 6.6 vs. 6.5; alleles per locus: 1.98 vs. 1.93; expected heterozygosity: 0.25 vs. 0.26 (t-tests, all P > 0.65)]. An allele frequency table is available from the authors on request.
ROOTING AND RESOLVING OF THE NEGEV NETWORK
WITH COI SEQUENCES Because historical colonization is inferred from genealogy, the directionality of sequence evolution also indicates the historical directionality of dispersal. As mentioned above, the sequence evolution in the Negev network was ambiguous for the central haplotype A2. To resolve the network ambiguity we sequenced a subset of 16S/ND1 haplotypes (B1, B6 and A5-A8-A9-A7-A1-A3 and A2, a total of 17 individuals) for 1000 bp of the gene COI (AY611798-AY611806).
The network of COI sequences was fully resolved (Fig. 4) . Three COI groups including and corresponding to the haplotypes A2, A8/A9 and A1 were observed, thus corroborating the prior Negev network as a trifurcation. We found additional variation within the haplotypes A2 and A9, whereas the haplotypes A1 and A7 had an identical COI sequence. The Negev network of the combined COI/ND1/16S sequence gave four mutational pathways (because of the ambiguous position found previously), two assuming 18 steps (Fig. 5A, B) and two 19 steps (Fig. 5C, D) . Scenarios A and B require only one back mutation (or two identical mutations) while scenarios C and D require two back mutations (or 2 ¥ 2 identical mutations). Thus, the most parsimonious scenario is either A or B. Both A and B separated A1/A7 from A2 and A9 as part of a trifurcation; the connections A2 AE (A7/A1) and from A2 AE A9 were fully resolved. In the new combined network, the sequence ambiguity is whether A7 AE A1 (scenario A) or A1 AE A7 (scenario B). In scenarios A and B, it is A that includes the double mutation between A1 and A7 located in the original 16S/ ND1 pathway (Fig. 2) [scenario B would put the double mutation between A9 and A7 in the 16S/ND1 pathway (these alternatives are not visible in Fig. 2)] .
We further explored the direction of sequence evolution by applying a heuristic search of the relationship among haplotypes of the combined COI/ND1/16S sequence (1576 bp). Parsimony analysis found two most parsimonious trees (tree length = 53, CI = 0.96, RI = 0.96); 40 variable characters were parsimonyinformative and 11 were parsimony-uninformative. The two trees differed with respect to whether A7 is ancestral to A1 or part of a trifurcation with A1 and A3. A heuristic search using the TN substitution 
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A9b/ A8 A9a A5 A7/A1 A3 Figure 5 . Combined COI/16S/ND1 haplotype network (top) for a subset of 16S/ND1 haplotypes for elucidating network ambiguity among Negev haplotypes (see Fig. 2 ). The network can be connected using four pathways (A-D). Pathways A and B are equally most parsimonious [18 steps, one double mutation (bars)]. Pathways A and C represent the alternative routes in the 16S/ND1 network. Relative to Figure 2 , the evolution of A2 to A9 is more plausible than A2 to A1, but it should be mentioned that the combined network is ambiguous with respect to the evolutionary directionality between A7 and A1. (24% and 50%, Fig. 6 ).
The combined phylogenetic and network analyses support the connection between A2 and A9 in the 16S/ ND1 network and thus the evolution of A7 to A1. This scenario was used for NCA analysis below. The alternative scenario, A2 via A1 to A9 (pathway 1 in Fig. 2) , is less likely (Fig. 5, scenario C) .
NESTED CLADE ANALYSIS
Nested contingency analysis of geographical associations showed that the level of geographical structure in the Negev and Judea differed considerably (Table 3 , Fig. 2 ). All Judean populations exhibited the common haplotype B1 and significant geographical structure was found only for clades 2-3 and 3-1, the latter representing the entire Judean phylogenetic lineage. In contrast, all except one Negev clade were significantly geographically confined. The common haplotypes A2 and A8 were found in the western Negev whereas A1 was found only in the east. The genealogically intermediate haplotype A7 was found in the north only, in one eastern and in one western population. The eastwest divide approximates the watershed between the Mediterranean and the Dead Sea drainages.
GEODIS analysis revealed that restricted gene flow with isolation by distance explained most of the geographical representation of clades within the Negev and Judean lineages (Table 4 ), but long-distance dispersal was also a feature of Judea and East Negev populations. The Negev (clade 3-2) was characterized by an east-west division at the two-clade level, matching the watershed divide. The Negev was also characterized by the ambiguous network position of haplotype A2. A2 can either be an interior clade (based relative to Judea) or a tip clade (assuming no knowledge of Judea). First, we analysed NCA assuming the most parsimonious position of clade 1-8, i.e. belonging to clade 2-4. If 2-4 is an interior clade the inference key interpreted the pattern as 'contiguous range expansion'. However, if 2-4 was judged as a tip, the pattern was interpreted was as 'restricted gene flow' (Table 4) . Because the clade-position of A2 was ambiguous, we also tested the distribution of 3-2 under the assumption that A2 belonged to the less parsimonious clade 2- 5. Again, the tip-interior status of A2 influenced the inferred process: if 2-5 is a tip, the process was 'range expansion' whereas if 2-5 is interior the inference key led to 'isolation by distance' (chain of inference not shown). Thus, similar processes were inferred independent of the two-clade position of A2 whereas the results differed depending on the tip-interior status of A2. The differences are probably due to the wide distribution of A1 relative to A2. The total cladogram including Negev and Judean lineages, was interpreted as 'allopatric fragmentation'.
MISMATCH DISTRIBUTIONS
The three regional populations identified by the NCA analysis, Judea, West Negev and East Negev, showed different mismatch distributions (Fig. 7) . The Judean population showed a tri-modal distribution but the lowest ruggedness index, and was not significantly different from an instant expansion model (mismatch = 3.928, sum of squared deviations (SSD) = 0.054, P = 0.24; r = 0.094, P = 0.25). The East Negev population showed an L-shaped distribution consistent with equilibrium distribution (Harpending et al., 1998) but did not deviate significantly from a recent expansion model (mismatch = 0.944, SSD = 0.017, P = 0.52; r = 0.19, P = 0.60). The probable reason for this pattern is the near monomorphic state of the East Negev. In contrast, the western Negev deviated significantly from the expansion model; the mismatch distribution was bimodal (mismatch = 1.668, SSD = 0.081, P = 0.04). The ruggedness index was nearly significant (r = 0.231, P = 0.09).
POPULATION DIFFERENTIATION
Population differentiation based on unordered frequency data of mtDNA was nearly 2.5 times higher Table 5 ). Within the Negev, population differentiation in the western Negev (F ST = 0.38) was twice of that in the eastern Negev (F ST = 0.21). The variance between the two Negev regions was F RT = 0.31 (Table 5) . Population differentiation estimates calculated with ordered mtDNA data (Tamura-Nei) were larger than unordered estimates in two cases. The first case is the Negev F RT , which increased by 60% from F RT = 0.31 to F RT = 0.49, and can be explained by genealogical differentiation across the Negev watershed. The second case was observed in Judea, where F ST increased by about 50%, from F ST = 0.22 to F ST = 0.34. This finding indicates that genealogically similar haplotypes are geographically contained and it supports the hypothesis of restricted dispersal inferred from the nested clade analysis.
Population differentiation estimated for allozymes showed, as for mtDNA, that Negev populations were significantly more structured than Judean populations (F ST = 0.101 ± 0.034 and 0.036 ± 0.026, respectively; Table 5 ). Excluding the Karmel sample from the Judean estimate, lowered the Judean differentiation estimate to F ST = 0.027 ± 0.024. The eastern and western Negev were equally structured: eastern Negev F ST = 0.114 ± 0.031, western Negev F ST = 0.097 ± 0.043, and no regional hierarchical structure within the Negev was found (F RT = -0.018) (Table 5) .
However, single locus variances differed between the Negev regions. In the western Negev, single locus variance was low for all loci (F ST = 0.004-0. 095) except Est (F ST = 0.222). By contrast, single locus variances in the eastern Negev were more uniformly distributed, with four loci taking estimates of F ST = 0.100-0.210 and five loci F ST = 0.000-0.052.
The small sample sizes did not affect population structure estimates in the Negev: Johannesen & Lubin (1999) estimated F ST = 0.12 ± 0.04 for six populations, which is almost identical to F ST = 0.13 ± 0.03 for the same six populations with a reduced sample size.
ISOLATION BY DISTANCE
Judean populations exhibited significant isolation by distance for both genetic markers (allozymes: Mantel test P < 0.01; regression analysis r 2 = 0.38, P < 0.001; ordered mtDNA: Mantel test P < 0.05; r 2 = 0.19, P = 0.02; marginal significance for unordered mtDNA: Mantel test P = 0.10; r 2 = 0.11, P = 0.08). When the Karmel sample was excluded from the Judean allozyme test, isolation by distance remained significant for the Mantel test (P < 0.05) but was not significant for the regression analysis (r 2 = 0.12 P = 0.12) The five western Negev samples showed isolation by distance for allozymes (Mantel test P = 0.03; r 2 = 0.43, P = 0.08) but not for mtDNA (P > 0.40). Isolation by 
DISCUSSION
In this study, we investigated genetic variation in the spider S. lineatus in two contiguous desert regions in Israel with the aim of elucidating patterns of dispersal and colonization in habitats that have repeatedly experienced species movements and may have persisted throughout Pleistocene glacial periods. The study was motivated by an observed reduction of allozyme variability in a Judean population of S. lineatus (population 5, this study) relative to Negev populations (Johannesen & Lubin, 1999) . We surmised that this reduced variability might derive from (1) a recent colonization of Judea from the Negev, with a reduction of genetic variability caused by the bottleneck effect, or (2) vicariant phylogeographical lineages.
Two observations support the view that low allozyme diversity in Judea reflects a vicariant lineage with a unique history. First, the Negev and Judean mtDNA phylogenetic lineages were non-overlapping; NCA interpreted this pattern as 'allopatric fragmentation'. Second, Judean and Negev populations did not exhibit the same relative levels of nuclear and organelle diversity. Similar relative levels are expected when lineages have had similar histories (e.g. both undergoing range fluctuations), either because genetic drift should purge organelle and nuclear diversity at the same relative rate or because selection pressures are similar (Hartl & Clark, 1989) . The observation that a Judean population (Karmel) at the conjunction of the Judean and Negev Deserts included Negev allozyme alleles could be in line with the colonization (bottleneck) hypothesis. However, Karmel did not possess Negev mtDNA haplotypes. This suggests nuclear introgression in spiders from two population systems rather than the bottleneck effect in spiders originating from one population system.
Thus, each region's populations have experienced a unique history prior to their contact along the Judean-Negev border. These events took place in an area that was not influenced directly by the glacial ice mantles covering large parts of Europe; hence other historical events such as alternating wet and dry cycles may have influenced the distribution processes in these regions. The pattern of distinct colonization and dispersal histories in the adjacent (and continuous) Negev and Judean deserts is seen in few other species, although this may be due largely to a lack of similar information regarding other desert species.
AGE OF POPULATIONS AND GENETIC DIVERSITY
How old are the two regional populations? The relative age of regional desert populations may be inferred indirectly from their genetic imprints (Rogers & Harpending, 1992) . The ruggedness index and modality of the mismatch distribution are expected to be higher in old stationary populations than in young expanding populations (Rogers & Harpending, 1992; Harpending, 1994) . Furthermore, older stationary population systems with constant dispersal are generally expected to evolve towards gene flow -genetic drift equilibrium. Consequently, there may be less differentiation among 'old' populations than under a regime of colonization and population fluctuations; thus, genetic differentiation often declines in older stationary population systems (Giles & Goudet, 1998) .
Mitochondrial DNA mismatch distributions and diversity were by far the highest in Judea, suggesting an older regional population than the Negev. However, the ruggedness index was the lowest of the three regions despite a trimodal mismatch distribution (Fig. 7) . One reason for this discrepancy, a multimodal mismatch distribution and low ruggedness, may be a recent range expansion of the predominant NCA-clade 1-1. If expansion of this clade overlays an older imprint of divergent lineages within Judea, the ruggedness could decrease as the relative frequency of clade 1-1 increases. This agrees with the lack of significant deviation from an expansion model inferred from the Judean mismatch distribution and may explain why the Karmel B10 lineage caused a significant deviation from clock-like evolution of the total Judean phylogenetic lineage. However, this interpretation remains to be tested. Further inference for Judea being an older regional population relative to the Negev derives from the occurrence of equilibrium populations (i.e. isolation by distance) and reduced differentiation estimated either as F ST or as nested contingency analysis. Only the East Negev with its near monomorphic mtDNA distribution (thus limiting the potential magnitude of variance) had lower observed
Based on mtDNA diversity, the western Negev is likely to be the oldest of the Negev population systems. This concurs with the finding that only the western Negev showed allozyme isolation by distance and that the evolution of the mtDNA genealogy indicates movement from the western into the eastern Negev. Dispersal from west to east is in line with a Mediterranean affiliation of Negev spiders: the western Negev haplotype A2 was observed in a spider from Karpathos, Greece. For the eastern Negev, low mtDNA variability is probably explained as a young system that has undergone rapid population expansion from a monomorphic founding source. The colonization of East Negev may be very recent. The East Negev did not have fewer allozyme alleles or less allozyme heterozygosity than the West Negev, and population allozyme differentiation estimates were equal in the two Negev regions. Assuming recent colonization, this pattern may arise by retention of ancestral polymorphisms and insufficient time to differentiate regionally. Founder events by kin-groups can reduce organelle diversity rapidly but may leave nuclear diversity virtually unaffected (Wade, McKnight & Shaffer, 1994) . Previous studies of S. lineatus suggested that single females and their philopatric offspring found new populations (Johannesen & Lubin, 1999 ). This type of dispersal behaviour (propagule dispersal) may cause high genetic drift and greatly enhance genetic variance in a new population system relative to that in an older population system with equilibrium between genetic drift and gene flow (Slatkin, 1977) . Interestingly, allozyme single locus variances were higher in the East Negev, while the West Negev differentiation estimate primarily was determined by a single locus (Est). The different patterns of multilocus differentiation in East and West Negev populations thus indicate that the East Negev populations were more affected by stochastic events (colonization, extinction) than the West Negev populations.
DISPERSAL AND GEOGRAPHICAL TOPOLOGY
An unexpected result of this study was the east-west division of the Negev. The inferred dispersal process for the Negev (clade 3-2) depended on the tip-interior status of A2. However, similar processes were inferred independent of whether A2 belonged to clade 2-4 or 2-5. For the most parsimonious clade assignment, tip status led to the inference of 'IBD with some longdistance dispersal', whereas interior status led to 'range expansion'. These are not mutually exclusive. The common pattern of restricted gene flow inferred by NCA corresponds well to our understanding of dispersal processes in S. lineatus, where intrapopulation genetic variances indicate stepwise founder events (Johannesen & Lubin, 1999) and limited juvenile dispersal (Lubin et al., 1998) . One should therefore expect range expansion as a step-wise process. Although NCA was recently criticised for not quantitatively testing alternative dispersal processes (Knowles & Maddison, 2002) and that the above explanation remains an a posteriori conclusion, several independent analyses support the range expansion inferred by NCA. Evidence from allozymes showed that Negev spiders are progressing north into Judean populations. The Negev range expansion was supported by low mtDNA gene diversity in the eastern Negev and by mismatch distributions that indicated a population expansion into this region. Furthermore, both haplotype networks (COI and ND1/16S) show concordant trifurcation patterns with three identical clades, A8, A2 and A1, respectively, where A1 is the phylogenetic tip. Thus, the pattern of haplotype evolution is concordant across the Negev watershed. The colonization route between West and East Negev could have taken place in the north where the two northernmost populations, Lahav and Arad, shared the haplotype A7. The COI sequence of A7 and A1 did not differ and A1 has become the colonizing and dominant haplotype of the East Negev.
The distribution patterns of allozyme and mtDNA markers in S. lineatus were unrelated to geographical patterns of precipitation and vegetation. Rather, they follow large-scale topographic features, namely the water divide between Mediterranean and Afro-Syrian rift drainages and between eastern and western Negev drainages. The apparent lack of exchange between East and West Negev may be caused by directed dispersal (gene flow) following water runoff, which may be a common phenomenon in deserts (e.g. Wolff, El-Akkad & Abbott, 1997) . Although selection for aridity adaptations in desert environments influences phenotypic distributions and polymorphism levels (e.g. Nevo, 1988; Sapir et al., 2002; Reyes, Nevo & Saccone, 2003) , it is becoming clear that topological features of these seemingly continuous landscapes also may explain intraspecific distributions of more species than presently acknowledged. A similar pattern to that in S. lineatus, one of west-east divergence, is found between populations of Acacia raddiana in the western Negev and from the Arava (Syrian-African Rift), which probably originated from two independent southern invasions (Shrestha, Golan-Goldhirsh & Ward, 2002) . Geographical topology influenced levels of differentiation in Senecio glaucus and Senecio vernalis rather than ecological 'aridity' factors per se (Comes & Abbott, 1999) . In the case of S. lineatus, selection may help explain why principally one set of individuals has proliferated in the eastern Negev, although we at present are unable to quantify whether this is the case. However, levels of variability of the markers employed in this study were not correlated to increasing aridity, thus making a recent range expansion, not aridity selection on these markers, the most likely cause for the subdivided Negev population. the EU to J.J. and US-Israel Binational Science Foundation grants 97-418 and 2000-259 to Y.L. This is publication number 424 of the Mitrani Department for Desert Ecology.
